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Abstract
　VT CPMAS NMR measurements were carried out for a series of poly(alkyl L-
glutamate)s  (PALG) which have n-alkyl side chains with carbon numbers from 2 to 12
in order to investigate the structure and mobility of the main and the side chains.  From
the temperature dependencies of the peak intensities for the PALGs, the relative
mobilities of the main  and side chains are discussed.  For PG-2 and PG-4, the molecular
motions of both the main  and side chains are not very fast.  From the amount ratio
between the main  and side chains, the main chain dominates the entire mobility of the
polymer.  As the side chain length increases, the side chain motion is drastically activated
by a temperature change.  In addition, the main chain motion is induced by the side chain
motion.  For PALGs with long alkyl side chains, the mobilities of the polymers are
governed by the structure and mobility of the side chain.
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Introduction
     It is well-known that the derivatives of poly(L-glutamate) adopt a rigid α-helix
conformation and form a liquid crystalline state upon raising the temperature or adding
an appropriate solvent.  Poly(γ-n-alkyl L-glutamate)s (PALGs), in which n-alkyl groups
are introduced into the side chains of the poly(L-glutamate) [1], show interesting features
depending on the side chain length.  The polymers with n-alkyl side chains longer than
an n-decyl group form a crystalline phase composed of paraffin-like crystallites.  This
shows that the melting of the side chain crystallites induces a thermotropic liquid
crystalline nature in the rigid α-helical main chain.  These situations arise from the fact
that the side chains have achieved a considerable gain in configurational freedom and
that the molecular motion of the side chains is free from the restraint of the α-helical
main chain.
     In general, the compounds that form liquid crystalline phases consist of both rigid and
flexible parts.  The phase behavior of liquid crystalline polymers with the same mesogenic
group is influenced by the flexible part.  The mobility of the flexible part dominates the
structure and dynamics of the liquid crystal.  Knowledge of the molecular parameters
such as molecular order and dynamics is of great interest for the applications of polymeric
liquid crystals.  Thus, in order to relate the physical properties of the liquid crystals to
their structural and dynamic behavior on a molecular level, the molecular order and
mobility of the mesogenic and flexible parts must be characterized. 
     For such purposes, high resolution solid state NMR spectroscopy is an appropriate
method because information about both the rigid and flexible parts can be obtained.  For
PALG with a series of n-alkyl side chains, it is revealed from the 13C chemical shifts that
the main chain takes on an α-helix conformation irrespective of the side chain length and
the side chains crystallize with an all-trans conformation if the number of carbon atoms
in the n-alkyl side chains is more than 14 at ambient temperature[2,3].  A similar trend
is observed for the mobilities of the main  and  side chains from the 1H T2  and the peak
intensities of the CPMAS spectra.  The mobility of the side chain for PALG is dependent
on the side chain length but that of the main chain is not. The effect of temperature on
the structures and mobilities of the main and side chains has been discussed for PALG
with an n-stearyl group in the side chain[4,5].  The main chain of PALG with a stearyl
side chain takes on a right-handed α-helical conformation within the temperature range
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up to 230EC, while the stearyl side chain takes on an all-trans conformation in the
crystalline state at room temperature and  is in a mobile state in the liquid crystalline
state.  Above the melting temperature of the side chain, the peaks for the main chain
carbons have almost disappeared.  This disappearance indicates that the reorientation
rate of the main chain is close to the decoupling frequency for dipolar interactions and
reduces the efficiency of the decoupling.  In other words, the main chain is undergoing
reorientation at a decoupling frequency in the liquid crystalline state.  Thus, the
difference in mobilities of the main and side chains is an important factor in the
formation of the liquid crystalline state.  A systematic study of a series of PALGs with
various side chain lengths can provide an important insight into the nature of the liquid
crystalline state.
     The purpose of this study is to investigate the structure and dynamics of PALG having
n-alkyl side chains with a series of carbon numbers by VT CPMAS NMR spectroscopy.
Experimental
Materials
     Poly(γ-methyl L-glutamate) (PMLG, Mv=100000) was supplied by the Ajinomoto Co.
A series of PALGs, in which the number of carbon atoms in the n-alkyl side chains was
varied from 2 to 12, was synthesized by ester exchange reactions between PMLG and the
corresponding n-alkyl alcohols.  The reactions were carried out in 1,2-dichloroethane
using p-toluenesulfonic acid as the catalyst at 60EC.  After the reaction, the reaction
mixture was poured into excess methanol and washed several times with methanol to
remove the reactants and then dried.  The degree of replacement was examined by 1H
NMR and was found to be more than 95 % for all samples.  For convenience, all of the
polymer samples are designated by the letter PG followed by the number of carbon atoms
in the n-alkyl side chains, such as PG-3.
Measurements
     13C CPMAS NMR spectra were measured using a JNM-EX400WB (100MHz for 13C)
NMR spectrometer with a VT CPMAS accessory at temperatures from -100 to 100EC.  The
sample was contained in a cylindrical rotor and spun at 3 - 6 kHz.  The contact time is 2
ms and the repetition time is 5 s.  The spectral width and data points are 40 kHz and 8
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δ'(πT20)&1%(πT2C)&1%(πT2m)&1
k, respectively.  The 13C NMR chemical shifts were indirectly calibrated using the
adamantane upfield peak (29.5 ppm) relative to tetramethylsilane.  T1 was measured
using Torchia’s pulse sequence.
Results and Discussion
PG-6
     In Fig.1 is shown the 13C CPMAS NMR spectra of PG-6 as a function of temperature.
The peak assignments are shown in the figure.  As seen from this figure, it is easy to
understand the drastic change in the spectra with temperature.  At temperatures below
-60EC, all the peaks are broad.  At -40EC, the intensities for CO(ester) and OCH2
decreased and the methylene peaks start to split.  At -20EC, the peaks of CO(ester) and
OCH2  completely disappeared.  In addition, the intensities of the methylene peaks are
very low. The peaks for CO(amide),  Cα and methyl  are strong at this temperature.  At
0EC, the peaks of CO(ester) and OCH2 still do not reappear. A drastic change is observed
in the methylene region.  The peaks for the methylene carbons reappear with a narrower
line width than those at low temperature.  Above 25EC, sharp peaks for the CO(ester) and
OCH2 reappeared.  On other hand, the peaks of CO(amide) and Cα disappeared.  The
peaks for the methylene carbons become stronger and sharper with temperature.
PLACE FIG.1 HERE
     This behavior of the 13C CPMAS NMR spectra reflects the molecular mobility of the
sample.  In general, the full line width at half height of the 13C signal can be written
as
where the first term represents the intrinsic line width due to the inhomogeneous static
field and so on [6].  This term is independent of temperature.  The second term is the
contribution from the distribution of an isotropic chemical shift caused by the distribution
of conformation or crystal structure.  This term is temperature-dependent because the
start of molecular motion faster than an NMR time scale can average out the local
distribution of conformation or crystal structure. The third term arises from the C-H
dipolar interaction. Usually, the high power dipolar decoupling is enough strong to reduce
the dipolar interaction between C-H ; therfore, this term is negligible.  However, if the
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rate of molecular motion is close to the decoupling frequency, the applied rf cannot reduce
the dipolar interactions effectively.  Therefore, this term has the maximum contribution
to the peak width at a certain temperature at which the rate of molecular motion is close
to the decoupling frequency.  Taking these terms into account, the line width varies with
temperature, which is schematically shown in Fig.2. 
PLACE FIG.2 HERE
From Fig.2, it is seen that the line width is relatively broad at low temperature (region
A) because of the first and second terms.  The onset of molecular motion induces a broad
line width due to the third term (region B). At high temperature, the peaks become very
sharp (region C) as a result of diminishment of the second and third terms.  Because the
area of one peak is constant, the peak height can be a good measure of line width.  In
addition to the variation in line width, peak height behavior is also schematically
indicated. If there are several groups with different temperature dependencies of mobility
in a molecule, the temperature behavior of peak intensity is different between the groups.
In Fig.1, there are three groups in PG-6.  The first group is the peaks for side chain
carbons except for the terminal methyl carbon.  The peak intensity of this group is
constant between -100 and -60 and the peaks are broad, which corresponds to region A
in Fig.2.  Compared with the main chain peaks, the peak intensities of the side chain
start to decrease above -40EC and pass through a minimum at -20 and 0EC.  This
temperature range is in region B in Fig.2.  Above 0EC, the intensity ratios increase
rapidly and the line widths become very sharp (region C).   The second group is the peaks
for the main chain (CO(amide) and Cα).  The temperature dependence of the intensity for
Cα is similar to that of CO(amide).   In Fig.1, the peaks for this group are strong and
broad under -20EC (region A).  Above 0EC, the peaks become weak and almost disappear
at 80EC (region B).  The peaks for the main chain do not reappear in the temperature
range measured.  Therefore, although the mobilities of the main and side chains are of
the same order at low temperature, the molecular motion of the side chain is much faster
than that of the main chain at high temperature.  The main chain motion starts after the
side chain gains sufficient mobility.  Because the 13C chemical shift for the main chain
carbons is independent of temperature, the main chain conformation is a right handed
α-helix conformation.  It is reasonable that the alkyl side chain is mobile and the rigid α-
helical main chain is not.  The last group is a methyl carbon.  As seen from Fig.1, the
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methyl peak intensity gradually increases and pass through a maximum.  A minimum
is not observed.  It is well-known that a methyl carbon rotates around its three-fold axis.
For polypropylene, it is reported that the methyl peak disappears at about -160EC [7].
Therefore, the methyl carbon has already been in region C.  In Fig.3 is shown the
temperature dependencies of T1s for methyl, int-CH2 and CO(ester).  As seen from this
figure, T1 for methyl, int-CH2 and CO(ester) increases, has a minimum and decreases,
respectively, with temperature.  T1 for methyl carbon is in an extreme narrow region.  On
the contrary, those for int-CH2 and CO(ester) are close to a T1 minimum and are in a slow
region, respectively.  Thus, in the side chain, the terminal methyl carbon is most mobile,
and the mobility decreases on going from the outside to the inside in the side chain.
PLACE FIG.4 HERE
PG-2
     In Fig.4 is shown the 13C CPMAS NMR spectra of PG-2 as a function of temperature.
At temperatures below -40EC, all peaks except for methyl are broad and their intensities
do not change.  This temperature range corresponds to the region A in Fig.2.      Above 
 -20EC, the peaks for the side chain decrease in their intensity and reach a minimum at
about 20EC.  In this temperature range, the mobility of the side chain increases and the
rate of motion is close to the decoupling frequency (region B).  Above 50EC, the line width
of peaks for the side chain becomes sharp and the intensity increases with temperature
(region C).  
     For main chain carbons, the peaks do not disappear even at 80EC.    The  13C chemical
shift is about 176 ppm independent of temperature; therefore, the main chain takes on
a right-handed   α-helix conformation.  Therefore, the main chain is rigid and its
molecular mobility should be slower than that of the side chain.  Actually, becuase the
main chain in PG-2 is in region A at the temperatures observed, the side-chain mobility
is faster.  Compared with the case of PG-6, the main chain mobility of PG-2 is lower than
that of PG-6.  In Fig.5 is shown the temperature dependencies of T1 for methyl, OCH2 and
CO(ester).  Comparing Fig.5 with Fig.3, for methyl carbon, the T1s are in the extreme
narrow region and the mobilities of both samples seem to be similar order. However, the
difference in T1 between the lowest and highest temperature measured for PG-6 is larger
than that for PG-2.  The motion of the methyl carbon is easily activated by temperature
for PG-6.  Concerning OCH2, the T1 for PG-2 is in the slow region, while that for internal-
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CH2 is in the extreme narrow region.  The methylene of PG-6 is much more mobile than
that of PG-2.  While the T1s of CO(ester) for both PG-2 and PG-6 are in the slow region
and both carbons have similar mobility, that for PG-6 is close to the T1 minimum and the
molecular motion of CO(ester) for PG-6 is faster than that of PG-2 at high temperature.
Thus, by comparison between PG-6 and PG-2, it is found that a longer side chain gains
in freedom of moleular motion.
PLACE FIG.4 AND 5 HERE
PG-4
     In Fig.6 is shown the 13C CPMAS NMR spectra of PG-4 as a function of temperature.
Similar to PG-2 and 6, there is large difference in the mobility between the side and main
chains as seen from Fig.6.  For the side chain, regions A, B and C correspond to the
temperature ranges below -60EC, from -20 to 20EC and above 40EC, respectively.  In Fig.7
is shown the temperature dependencies of T1 for methyl, β-CH2 and CO(ester).
Comparing the T1s for PG-4 with those for PG-2 and 6, T1 for PG-4 is the intermediate.
Based on the comparisons, it is suggested that the absolute mobility of the side chain
increases with the length of the side chain.  Further, the mobility increases on going from
the carbons near the main chain to the terminal methyl.
     For PG-4, similar to PG-2, the main chain peaks do not disappear even at 80EC.  This
means that the mobility of the PG-4 main chain is in region A.  However, in case of PG-4,
the peaks for the main chains start to decrease and seem to be just below the
disappearance temperature.  Therefore, the main chain for PG-4 is more mobile than that
for PG-2.  Because the main chain peaks disappeared at lower temperature for PG-6, the
mobility of the main chain also is intermediate between those of PG-2 and PG-6.  For PG-
2,4, and 6, the main chain conformations are α-helix and the rigidities are similar;
therefore, the side chain length seems to affect the main chain mobility.
PLACE FIGS.6 AND 7 HERE
PG-10
     In Fig.8 is shown the 13C CPMAS NMR spectra of PG-10 as a function of temperature.
Below -60EC, the peaks for all carbons are broad, which indicates that this temperature
range corresponds to region A for both the side and main chains.  The side chain carbons
decrease in intensity above -40EC, almost disappear between -20 and 0EC and reappear
again at 20EC (region B).  Above 20EC, the peaks for the side chain are sharp enough to
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be in region C.  The temperature dependencies of peak intensities for the main chain
carbons are qualitatively similar to those for PG-6.  However, although the peaks for the
main chain of PG-6 disappeared after the reappearance of side chain carbons, the main
chain peaks of PG-10 disappeared at 0EC at which the side chain peaks had still not
reappeared.  For PG-n with relatively short side chains, the main chain peaks decrease
gradually with temperature.  As the side chain length increases, the variation in peak
intensity for the main chain occurs within a narrow temperature range.  An increment
in the side chain length means that the amount of the side chain increases compared with
the main chain. For PG-n with a long alkyl side chain, once the molecular motion of the
side chain takes place in region B, the side chain acts as a solvent for the rigid rod main
chain.  Therefore, the main chain mobility is cooperatively activated by the mobility of
the side chain.
PLACE FIG.8 HERE
     It has already been reported that, at room temperature, the side chain of PALGs with
an alkyl side chain longer than a tetra decyl group crystallize as a paraffin-like crystallite
with an all trans-zigzag conformation.  It is interesting to determine whether the side
chain of PG-10 crystallize.  In Fig.9 is shown the temperature dependencies of the 13C
NMR chemical shift of int-CH2 for PG-10 and 12.   As seen from Fig.9, for PG-10, the 
13C
NMR chemical shift is about 31 ppm below -60EC,  moves to upfield as the temperature
increases from -60EC to 20EC and is about 30 ppm above 20EC.  The 13C NMR chemical
shift is close to those for the amorphous phase or the melt of polyethylene.  It is well-
known that the 13C NMR chemical shift of int-CH2 in polyethylene and paraffins is a good
measure of the crystal structure.  It has already been reported that the 13C NMR chemical
shift values of 32, 32.9 and 34 ppm correspond to a trans-zigzag conformation in
amorphous, orthorhombic and monoclinic or triclinic forms, respectively[8,9,10].
Therefore, the 13C NMR chemical shift of 31 ppm for PG-10 means that the side chain
does not form a crystalline phase even at low temperature.  This result conflicts with the
X-ray results[1].   PG-10 is the boundary for forming the side chain crystallite; therefore,
conditions for crystallization or the molecular weight may affect the side chain
structure.
PLACE FIG.9 HERE
PG-12
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     In Fig.10 is shown 13C CPMAS NMR spectra of PG-12 as a function of temperature.
Below -20EC, both peaks for the side  and main chains are broad, and the mobilities of
PG-12  for both the side  and main chains are in region A.  At 0EC, a drastic change is
observed in the side chain.  The 13C NMR chemical shift for int-CH2 moves upfield and the
intensity of OCH2 becomes very weak.  The side chain is in region B at this temperature.
As seen from Fig.9, it is easy to see that the 13C NMR chemical shift of int-CH2 for PG-12
moves upfield by about 3 ppm as the temperature is raised from -20EC to 0EC.  Above
0EC, the chemical shift values indicate that the side chain is in an amorphous phase.
Below 0EC, the 13C NMR chemical shift is about 32.9 ppm which is typical for int-CH2 in
orthorhombic form.  In orthorhombic form, the alkyl chains are ordered and take on a
trans-zigzag conformation.  Therefore, the drastic change in the side chain between -20
and 0EC indicates the melting of the side chain crystallite.
     As seen from Fig.10, above 25EC, the main chain peaks almost disappeared, while
those of the side chain are clearly present.  This means that the mobilities of the side  and
main chains are in regions C and B, respectively.  Compared with PALG with shorter side
chains, the transitions from A to C for the side chain and from A to B for the main chain
take place in the narrow temperature range.  Just above the side chain melting
temperature, the main chain start to increase its mobility.  
PLACE FIG.10
     In comparing a series of PALGs, the temperature ranges of the transition from region
A to C for the side chain becomes narrow as the side chain length increases.  For PALG
with a short alkyl side chain such as PG-2 and 4, the main chain mobility increases
gradually with the side chain mobility.  Because the amount of the side chain is small and
the mobility of the side chain is low, the side chain cannot act as a solvent or a lubricant
for the rigid rod, the α-helical main chain.  The side chain mobility is not independent of
the main chain.  As the side chain length increases, as seen from peak intensity behavior
or T1, the mobility of the side chain increases.  At high temperature, the mobility of the
main chain is in region B.  This means that the side chain mobility activates the main
chain motion and the side chain acts as a solvent or a lubricant for the main chain.
Because the side chain is in an amorphous phase for PALG with side chain shorter than
10, the side chain motion can be attributed to the transition between trans and gauche
conformation.  At high temperature, the rate of transition between the trans and gauche
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conformation increases.  As the side chain length increases, the rate of transition
increases within a narrow temperature range. 
     The side chain of PG-12 crystallizes at low temperature.  The main chain must have
a certain order if the side chain crystallizes.  Whether the side chain crystallizes depends
on the balance between the energy for the reorientation of the main chain and the side
chain interaction.  If the interaction between the side chains is weak, the main chain
cannot reorient so as to form the side chain crystallite.  Therefore, a certain degree of
interaction between the side chains is necessary for the side chain crystallization.  As in
the crystalline state, the side chain alkyl groups take all trans conformation, and the
melting of the side chain induces a trans-gauche transition.  At high temperature, similar
to PALGs with shorter side chains, the rate of transition between the trans and gauche
conformations increases.  However, even at high temperature, the side chain interaction
may correlate with that of the main chain, which is important for liquid crystalline
formation.  Thus, in a PALG with a short side chain, the molecular mobility is governed
by the main chain motion.  As the side chain length increases, the side chain motion
becomes to be independent of the main chain and the interaction between the side chains
becomes a dominant factor.
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Figure Captions
Fig.1    13C CPMAS NMR spectra of PG-6 as a function of temperature.
Fig.2    Schematic behavior of the half height width and peak intensity of 
             the 13C signal.
Fig.3    Temperature dependencies of T1 of PG-6 for methyl, int-CH2 and CO(ester).
Fig.4    13C CPMAS NMR spectra of PG-2 as a function of temperature.
Fig.5    Temperature dependencies of T1 of PG-2 for methyl, OCH2 and CO(ester).
Fig.6    13C CPMAS NMR spectra of PG-4 as a function of temperature.
Fig.7   Temperature dependencies of T1 of PG-4 for methyl, β-CH2 and CO(ester).
Fig.8    13C CPMAS NMR spectra of PG-10 as a function of temperature.
Fig.9   Temperature dependencies of 13C NMR chemical shift for int-CH2 of PG-10 and 
            PG-12
Fig.10  13C CPMAS NMR spectra of PG-12 as a function of temperature.
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